Net photosynthetic rates (A) of leaves on 11-yearold, field-grown apple trees (Malus domestica Borkh. cv. Golden Delicious) were measured after removal of fruits at four different stages of development. Defruiting decreased A by 21, 42, 27 and 7% when fruits were growing at 311, 293, 229 and 113 mg DW day −1 , respectively. Photosynthesis was inhibited more in the afternoon than in the morning, but it was not affected during the first 8 h after fruit removal. Inhibition of A was positively correlated with crop sink strength, but it was not correlated with fruit relative growth rate or crop load. Defruiting decreased A at saturating irradiances (PPFD > 1000 µmol m −2 s −1
Introduction
Fruit removal results in a decreased leaf net photosynthetic rate (A) in several tree fruit species, including apple (Malus domestica Borkh.) (Hansen 1970 , Monselise and Lenz 1980 , Schaffer et al. 1987 , Gucci et al. 1991 . A 20--40% decline in A appears as early as 16 h after fruit removal in leaves of fieldgrown plum (Prunus domestica L.) trees and persists for 2 to 3 weeks; however, the decrease is less evident or absent when vegetative sinks are actively developing (Gucci et al. 1991) . In other studies, fruiting trees show either a 15--20% increase in A only during periods of high fruit growth (Fujii and Kennedy 1985, DeJong 1986) or no effect (Proctor et al. 1976 , Roper et al. 1988 , Schechter et al. 1991 . To explain these discrepancies, it has been hypothesized that total carbohydrate demand by the tree at the time of fruit detachment may be a critical factor in determining the photosynthetic response of leaves (Ferree and Palmer 1982, Gucci and Flore 1992) . Thus, both fruit growth rate and crop size at the time of fruit removal could affect the magnitude of depression of leaf photosynthesis induced by defruiting.
Fruit removal has also been shown to decrease stomatal conductance and carboxylation efficiency, to decrease specific leaf area, and to alter carbohydrate partitioning in the leaf mesophyll (Proctor et al. 1976 , Monselise and Lenz 1980 , Schaffer et al. 1987 , Gucci et al. 1991 . These changes may be interpreted as the result of interrupted utilization of carbon assimilates by the fruit, which eventually causes a decrease in A through a feedback mechanism (Guinn and Mauney 1980 ). An impairment in the carbon reduction cycle would also result in lower light-saturated A but unaltered quantum yield (Ehleringer and Bjorkman 1977) . Although light-saturated A generally decreases following fruit removal (Gucci et al. 1991) , there are no reports of effects of defruiting on quantum yield and A at nonsaturating irradiances. Because only a fraction of the total leaf area of field-grown trees is fully exposed to sunlight at any given time, a change in apparent quantum yield following defruiting may indicate whether the depression of photosynthesis observed in single leaves also occurs over the whole canopy.
The objective of this study was to determine whether a relationship exists between changes in leaf A following defruiting and crop sink strength, the latter defined as the product of fruit relative growth rate and crop load. We also investigated the response of CO 2 assimilation rate to incident photon flux density in field-grown ''Golden Delicious'' apple trees after fruit removal.
Materials and methods

Plant material
In spring 1990, 16 11-year-old apple trees (cv. Golden Delicious on M27 rootstock), growing in an orchard on a fertile, clay-loam soil at Cadriano (BO), Italy (latitude 45° N, altitude 80 m a.s.l.) were selected for uniformity in leaf/fruit ratio and crop load. Eight additional trees from the same orchard were The effect of defruiting at different stages of fruit development on leaf photosynthesis of ''Golden Delicious'' apple R. GUCCI 1 also selected in spring 1991. The trees were spaced 0.75 × 1.5 m apart in a N--S oriented, six-row bed and trained to a full-field minibush system (Preston 1978) . The trees were periodically sprayed with a commercial pesticide and were sprinkle-irrigated to supplement natural rainfall during the growing season. During the gas exchange measurements, irrigation was only used on June 28, 1990, because it rained abundantly the week before fruit removal on the other dates. The number of fruits was adjusted to 60--70 and 45--70 per tree by hand-thinning on May 20, 1990 and June 12, 1991, respectively. Thus, crop load per tree depended solely on changes in fruit growth rate or fruit size and not on number of fruits. In 1990, full bloom occurred on April 2, petal fall occurred on April 9, termination of shoot elongation occurred 6--8 weeks after full bloom, and the crop was commercially harvested on September 14. In 1991, full bloom and commercial harvest occurred on April 1 and September 13, respectively.
In 1990, three trees were completely defruited on four dates beginning with the period of maximum fruit growth rate and ending with the commercial harvest (see Figure 1) . The remaining four trees served as controls. In 1991, four trees were defruited on June 24 and four were left intact to serve as controls. In both years, fruits were removed by hand between 0830 and 0945 h, except on September 10, 1990, when they were removed at 1115 h.
To determine the pattern of fruit growth, samples of 10 to 15 fruits were randomly selected and harvested weekly from May 31 to September 14, 1990 , from trees adjacent to those chosen for gas exchange measurements, and their equatorial diameters and fresh weights recorded. A similar sampling procedure was followed in 1991. Dry weight/fresh weight ratios were determined from a section of each fruit after oven drying to a constant weight, and then dry weights were calculated for individual fruits. Absolute growth rate of fruits was calculated as the first derivative of the sigmoidal curves fitted to the fresh and dry weight functions of the general type:
where a, b and c are coefficients, and y and x are the dependent and independent variables, respectively.
Gas exchange measurements
Gas exchange parameters, leaf temperature and photosynthetic photon flux density (PPFD) were measured in the field with an ADC LCA-2 portable open gas exchange unit, equipped with a Parkinson broadleaf chamber and a mass flow air supply unit (Analytical Development Co., Hoddesdon, U.K.), operated at the following conditions unless otherwise stated: PPFD > 1000 µmol m −2 s −1
, an ambient CO 2 concentration of 325--355 µl l . Four fully expanded leaves were chosen on the shoot emerging at the axil of the youngest leaf of the spur whorl (bourse shooot) of two to four fruiting spurs in the upper part of the canopy of each tree at the beginning of the experiment. Selected leaves, which were located within 15 cm of one or more fruits, remained exposed to full sunlight during most of the day and hence, it was possible to measure diurnal changes in light-saturated net photosynthesis. To reduce sample variability, the same leaves were measured on each occasion of fruit removal, between 0900 and 1130 h and between 1230 and 1530 h.
A total of 16 response curves of net photosynthesis to incident PPFD (A/Q) were measured in the field on 3--4 leaves per tree on August 9, 1990 , September 10 and 12, 1990 , and June 26, 1991 Measurements usually began at 1030 h, when stomata appeared to be fully open. Using natural sunlight as the light source, PPFDs ranging in value from about 1800 to 10 µmol m −2 s −1 were obtained in six to eight steps by shading the leaf chamber with various layers of black neutral density shade cloth or translucent paper. Shading materials were checked for neutrality of absorbance in the 400--700 nm wavelength range with an LI188 spectroradiometer (Li-Cor, Lincoln, NE, USA). Checks on the variation of A to the highest and lowest PPFDs were made by returning to saturating irradiance after a complete A/Q series was measured. The rate of photosynthesis was usually within 10% of the initial value. To avoid overheating of the leaf chamber, which was not temperature controlled, the cuvette was removed from the leaf between measurements, the leaf acclimated for 60 s to the next irradiance, and then the cuvette was clamped onto the leaf again. The data were recorded once the differential CO 2 had equilibrated. Temperature changes were within 2.5 °C during each A/Q response curve, whereas stomatal conductance decreased less than 15% from the highest to lowest PPFD. Leaves of adjacent defruited and control trees were alternately measured to minimize diurnal effects on treatment response during A/Q measurements. It took about 60 min to obtain a pair of A/Q curves. ).
Statistical analysis
The experimental design was a randomized complete block, with four blocks of four trees each, arranged according to location in the orchard. At four dates during the 1990 growing season, three trees were randomly selected and defruited, and their photosynthetic performance compared with that of control trees by two-way ANOVA within each date of measurement. Gas exchange parameters of four leaves per tree were measured and averaged. Slopes of linear regression equations were tested for significance by Student's t-test (Steel and Torrie 1980) .
Results
Fruit growth rates declined steadily from the first period of photosynthetic measurements (87--93 days after full bloom) until the time of commercial harvest (Figure 1 ). Fruit growth rate (fresh weight and dry weight bases) followed a bellshaped pattern. The dry weight/fresh weight ratio varied little (14.4--16 .4%) during fruit development. Absolute growth rates (dry weight basis) on Days 2, 3 and 4 after fruit removal were 94, 74 and 36%, respectively, of that on Day 1, when maximum growth rate was attained (Table 1) . Effects of fruit removal on leaf A depended on the time of treatment (Figure 2 ). No effect of fruit removal was evident during the first 8 h after defruiting, except on July 17 when significant differences in leaf A appeared 3 h after defruiting. However, no differences were detected at 2, 4.5 and 7 h after defruiting on July 17 (Figure 2b) . Differences in leaf A between fruiting and defruited trees usually began to appear within 24 h of defruiting and became statistically significant between 24 and 48 h after defruiting ( Figure 2 and Table 2 ). Assimilation rates of control trees remained more or less constant throughout the growing season (Figure 2) , and no effect of leaf age on A was detected. Assimilation was usually at a maximum at 1000--1100 h and tended to decline in the afternoon. The inhibition of A in response to defruiting was more marked in the afternoon than in the morning ( Table 2) . The decrease in A was greatest when fruit was removed on July 17 and least when fruit was removed on September 10 (Table 1). Crop sink strength was about 18 g DW day −1 tree −1 over the first three dates of defruiting, but decreased to 6 g DW day −1 tree −1 by September 10 ( Table 1) .
Analysis of A/Q curves showed that fruit removal depressed A up to 43% at saturating irradiance and by 40 to 0% between the light saturation point and 400 µmol m −2 s −1 (Figure 3 ). In general, apparent quantum yield of control trees was only marginally higher (5--12%) than that of defruited trees (Table 3), and the difference was not significantly different (P > 0.05). Assimilation at PPFD values between 250 and 450 µmol m −2 s −1 (avoiding sun flecks) was about 35--50% of that at saturating light intensity. No differences in A between defruited and fruiting trees were found at irradiances below 400 µmol m −2 s −1 (data not shown).
Discussion
Defruiting decreased single leaf A differently depending on the stage of development of the fruit when removed. Maximum inhibition (42%) was similar to values reported for apple by Monselise and Lenz (1980) , but intermediate between the values reported by Hansen (1970) and Fujii and Kennedy (1985) . However, a comparison of the homologous periods (based on full bloom date, end of leaf expansion and pattern of fruit growth) of the 1981 growing season at Pullman, Washington, USA (Fujii and Kennedy 1985) and the 1990 season at Bologna, Italy, indicated that the June, July and August dates of fruit removal in our study (A inhibited more than 20%) corresponded to the period when 20% differences in A were measured between fruiting and nonfruiting trees in the study by Fujii and Kennedy. Also, fruit removal at the time of commercial harvest (7% inhibition) in our study coincided with a period of no differences in A in the Washington study. Thus, despite different experimental protocols and climatic conditions, the results from these two studies are similar. Air temperature, quantum flux density and distribution of rainfall were similar during the four periods of gas exchange measurements in 1990, and leaf age did not affect the photosynthetic potential of leaves from June to September. There- fore, although in field experiments it is impossible to separate unequivocally the effect of environmental conditions on photosynthesis from factors endogenous to the tree, we suggest that the extent of inhibition of A in response to defruiting differed between the September measurements and those taken earlier because of differences in crop sink strength (Table 1) . Inhibition of A increased progressively with time after defruiting. The absence of an immediate response may explain why Proctor et al. (1976) , who measured A for only 0.5 h after fruit removal, did not detect a change in A. Defruiting treatments did not affect A until more than 24 h after fruit removal, and the effect was greater during the afternoon than during the morning ( Figure 2 and Table 2 ). This time course resembled that observed in plum, where a decline in A was not detected until 16 h after defruiting (Gucci et al. 1991) . In our study, limitations on tree growth imposed by the M27 rootstock likely played a critical role in the photosynthetic response to fruit removal. Differences in A may not have developed in apple trees grafted on more vigorous rootstocks, where alternative sinks could have been present to absorb the carbon surplus after fruit removal. We measured photosynthetic rates that were slightly lower than the mean value of 16.8 µmol m −2 s −1
reported for apple on M27 rootstock (Schechter et al. 1991) . Apparent quantum yields of control and defruited trees were lower than those reported previously for apple (Schechter et al. 1991) . High temperature (> 30 °C) and vapor pressure deficit in the cuvette during A/Q measurements may have depressed these values. Apparent quantum yield has been shown to decrease with temperatures above 14 °C in C 3 plants (Ehleringer and Bjorkman 1977) , and previous studies on apple were conducted at lower temperatures (25--29 °C) (Schechter et al. 1991) than ours. The finding that quantum yield was unaffected by fruit removal, whereas A was markedly inhibited at saturating light intensity, has important implications. First, it is compatible with the hypothesis of feedback regulation of photosynthesis by carbon products because, at PPFD < 200 µmol m −2 s −1
, utilization of excitation energy is matched by a similar rate of carbon metabolism, whereas at saturating irradiances, carbon metabolism lags the utilization of excitation energy as long as light harvesting continues unaffected (Ehleringer and Bjorkman 1977) . Second, the pattern of light response curves also suggests that the 21--42% average inhibition of A, which we observed on leaves fully exposed to light after fruit removal during active fruit growth, becomes much smaller and may even disappear at the whole canopy level. Light flux density varies spatially and diurnally within the tree canopy (Barden 1974) , and for most training systems adopted for apple trees, a large portion of the foliage is exposed . For example, Lakso and Seeley (1978) concluded that only 15--20% of the leaf area of apple trees is exposed to saturating PPFD, and Heinecke (1963) estimated that the percentage of leaf area exposed to 60--100% of full sunlight was 25% in 17-year-old ''Golden Delicious'' trees trained as open vases. Based on our observations on the inhibition of A, data on light distribution within the canopy (Heinecke 1963, Lakso and Seeley 1978) , and the fact that leaves distant from fruits do not show appreciable inhibition of A, we hypothesize that the effect of fruit removal on leaf photosynthesis is attenuated at the canopy level, with minor or negligible consequences on total carbon assimilation by the tree. However, the depression of A due to defruiting will alter the overall carbon fixation and accumulation of small canopies (Monselise and Lenz 1980) , shoots or spurs, and it should be considered for carbon budget models of shoots and small trees. ) where apparent quantum yield was calculated (values reported in Table 3 ). Table 3 . Apparent quantum yield of leaves of fruiting and defruited field-grown ''Golden Delicious'' apple on M27 rootstock. Quantum yield was calculated as the slope of the regression line fitted to assimilation response curves to PPFD from 6--9 measurements in the 0--200 µmol m −2 s 
